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Transportation Systems Center, Energy Technology Branch, Cambridge, MA, 
presents results of experimental work to obtain information on performance 
characteristics of an engine used in automobiles sold in the United 
States. The Buick, 231-CID turbocharged engine used in this work is 
one of a series of 15 engines to be tested in the current program. This 
is the eighth of the reports to be published covering work with those 
engines. 
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Administration, Office of Research and Development, Office of Passenger 
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1. INTRODUCTION 


The objective of this program is to obtain engine performance data 
for estimating fuel economy and emissions for varied engine service and 
duty. The intent of the work done at Bartlesville Energy Technology 
Center is to provide basic engine characteristic data required as input 
for engineering calculations of fuel consumption and emissions involving 
ground transportation. 


The data acquired from tests of a 1978 Buick 231 CID turbocharged 
engine are presented in this report. Buick uses the 231 CID turbocharged 
engine in the Regal Sport Coupe and in the LeSabre Sport Coupe. These 
automobiles are in the 3,500 1b to 4,000 1b weight class. The engine, 
as equipped, is intended for use in a forty-nine state (Federal) vehicle 
with automatic transmission. The test results are sufficient to establish 
steady-state maps for fuel consumption and emissions (carbon monoxide, 
unburned nperocarpons, and oxides of nitrogen) over the entire operating 
range of the engine 


2. ENGINE TEST REPORT 


The engine test setup included a complete mean-tolerance engine 
(SAE definition) coupled to an eddy-current dynamometer. A cooling 
tower was used in place of the fan and radiator. The alternator was 
included but was not wired into the engine's electrical system. The 
emission control systems included exhaust-gas-recirculation, positive 
crankcase ventilation, air-injection, early fuel evaporation, and an 
oxidation catalyst. The manufacturer's engine specifications are 
listed in Table 1. 


Prior to tek ind; engine break-in consisted of 40 hours of operation 
at various speed/load modes representative of normal engine operation. 
Table 2 contains details of the break-in schedule. A single batch of 
unleaded regular giace gasoline was used throughout the break-in and 
test; a detailed fuel analysis is given in Table 3. Engine testing 

began on June 23, 1978, and ended on July 14, 1978. 


During steady-state tests, the engine was operated at the following 
speed/load modes: 


Speeds: 1,000; 1,300; 1,700; 2,000; 2,400; 2,800; 3,400; 
4,000 rpm 


Loads: 0, 10, 25, 40, 60, 75, 90, 100 pct of full load 
(0, 10, 25, 60, and 75 pct points were repeated at 
all engine speeds) 


Idle speed/load modes: 800 rpm -- 0, 10, 15 lb-ft 
700 rom == 26) 1bsfit 


Total number of test modes................... 68 
Total number of repeats...................05. 44 
Total number of tests............... IBY, 


The following data were recorded for each test point: 


Test number 

bere source code (1 = before catalyst, 2 = after catalyst) 
ate 

Barometric pressure, mm Hg 

Wet bulb temperature, °F 

Dry bulb temperature, °F 

Inlet air temperature, °F 

Speed, te 

Torque, lb-ft -- Daytronic strain gauge load cell 

Fuel rate, lb/hr -- Fluidyne positive displacement fuel flow meter 
Ignition timing, °BTC 


Manifold vacuum, in. Hg 

Intake manifold pressure, in. Hg before and after turbocharger 
Throttle angle, degrees 

CO, pct -- Beckman NDIR 

C02, pct -- Beckman NDIR 

02, pct -- Beckman pores raphic detector 

HC, ppmC -- Custom-built heated flame ionization detector 
NOx, ppm -- Thermo-Electron chemiluminescent detector 

Oil temperature, ° 

Oi] pressure, psig 

Coolant temperature, °F 

Exhaust temperature, °F 

Exhaust pressure, in. H20 

Intake manifold temperature, °F 


The following equations were used in calculating power, air-fuel 
ratio, absolute humidity, and mass emission rates of carbon monoxide 
(CO), unburned hydrocarbons (HC), and oxides of nitrogen (NOx): 


1. Partial pressure of water vapor in intake air (millimeters 
of mercury): 


P = exp 18.717 5 Bee 


where D = Dew point, °F 
2. Absolute humidity (grains moisture per pound dry air): 
Hee 4347.8(P) 
a 
where B = Barometric pressure, mm Hg 


3. Humidity correction factor (dimensionless): 


Note: This factor is used to correct the NOx mass emission 
rate to a standard humidity of 75 grains moisture 
per pound dry air. 


4. 


Hydrogen concentration in raw exhaust (percent): 


Hy = 6C0)(CO + o02) 


where CO 
C02 


= Carbon monoxide concentration (percent) 

= Carbon dioxide concentration (percent) 

Note: This equation assumes a water-gas shift equilibrium 
constant: | 


(CO)(H,0) 
2 2 


Correction factor for emission concentrations from wet basis 
to dry basis (dimensionless): 


c= 1 + Cx/2)(C0 #005): - Hp 
W 


Note: In these tests only HC is measured on a wet basis. 
All other species are measured on a dry basis. 


Air-fuel ratio (dimensionless): 


x x NOx 
A 68.9994 + yee y)(CO) + (2 + OT y)(CO2) + 2(02) + 104 © 2 
a 
MWe ue] CO + (2 + C, HC/IO 
where OQ» = Oxygen concentration (percent) 
NOy = Oxides of nitrogen (ppm) 
HC = Unburned hydrocarbon concentration (ppmC) 
x = Fuel hydrogen/carbon atomic ratio 
y = Fuel oxygen/carbon atomic ratio 
MW ale Fuel molecular weight per carbon atom 
ve" = 12.01115 + 1.0079x + 15.9994y 


Carbon monoxide mass emission rate (grams per hour): 


M te deal i (453.59237) 
CO fuel ee new 
MW, = Molecular weight of CO (28.01055) 


Me = Fuel rate in |b/hour 
*HC = HC (ppmC)/104 


Sa 


10. 


Unburned hydrocarbon mass emission rate (grams per hour): 


MW (ZHC) (Mp) (C.) 
Muc = a See (453.59237) 
C fuel ee My 


MWC = Molecular i of hydrocarbon per carbon atom 
= 12.01115 + 1.00797x + 15.9994y 


Oxides of nitrogen mass emission rate (grams per hour): 


MW %NOy + M 
NO f 
= 453.592 K 
Nox wee TWF, ae aa 
MWnoy = Molecular weight of NOo = 46.0055 


ANOy = NOx(ppm)104 


Power (brake horsepower corrected to a standard barometric 
pressure of 736.6 mm Hg and a standard temperature of 85° F): 


_| NT) 736.6 4/ t + 460 
HP “| dh (268 aGia 


ngine speed (revolutions per minute) 
rake torque Me (Ey 
ir temperature (°F 


rH= 
Tee 
>om 


3. DISCUSSION OF TEST RESULTS 


Brake horsepower, torque, and brake specific fuel consumption (bsfc) 
are plotted as a function of engine speed at the maximum throttle opening 
limited by detonation (Figure 1. The maximum brake horsepower and the 
maximum torque produced at this knock-limited condition are lower than the 
manufacturer's values quoted in Table 1 by 42 percent and 32 percent, 
respectively. Operation at wide-open-throttle was not possible due to the 
severe detonation encountered at these operating modes. The engine is 
equipped with detonation control equipment which incorporates a detonation 
sensor in the intake manifold. The detonation sensor detects the presence 
and intensity of all vibrations and feeds this information to the detonation 
control equipment. The Turbo Control Center (controller) processes the 
sensor signal and then provides the appropriate command signal to the 
distributor to determine actual spark timing. The amount of spark timing 
retard is a result of the severity of the detonation. As the detonation 
Subsides, timing is restored at a predetermined rate in the direction of 
normal spark timing. 


The maximum power modes were operated at the threshold of detonation. 
The engine speed was set at the specified rpm and the load was increased 
until detonation was encountered and the rpm sharply decreased due to the 
retarded timing. As the engine stabilized at this speed/load condition 
the maximum power was estabiished at each speed. 


Upon completion of the above testing, a high octane fuel (97.4 — 
Research Octane) was used to determine the engine power characteristics 
with a high octane fuel. Slight detonation was still audible with the 
high octane fuel. The maximum brake horsepower and the maximum torque 
produced with the high octane fuel (detonation limited) are also lower 
than the manufacturer's values by 9 percent and 14 percent, respectively, 


but were produced at engine speeds similar to the manufacturer's specifications | 


Fuel rates were found to be nearly a linear function of power for 
most engine speeds (Figure 2) and were repeatable for all speeds dupli- 
cated. The air-fuel ratios are plotted as a function of power for all 
engine speeds (Figure 3) and were repeatable for all speeds duplicated. 
Due to the additional air injected into the exhaust gas by the air- 
injection pump, the air-fuel calculations do not represent the actual 
stoichiometry in the combustion chamber. 


Emissions of CO, HC, and NOy are plotted as a function of power for 
all engine speeds (Figures 4 thru 6). The oxidation catalyst effectively 
pedueed the emissions of CO and HC at all engine speeds except those at 
which the air-fuel ratio was relatively low. The low air-fuel ratios and 
the high emission levels of CO and HC at these modes indicate a lack of 
a abi oxygen to support the oxidation process, thus reducing the 
effectiveness of the catalyst. The emissions of CO, HC, and NOx were 
repeatable for most speeds duplicated. 


4. CONCLUSIONS 


The expenipental work to obtain performance data for the Buick 
231 CID turbocharged engine has been completed; these data are presented 
in the tables accompanying this report. 


TABLE 1. MANUFACTURER'S ENGINE SPECIFICATIONS 


Displacement, cubic inches. cates oe een ee cine 23) 
Maximum horsepower, bhp @ 4,000 rpm.................. 165 
Maximum: torque,’ Iib=ft: @..25.800) roma. sie yee cee cee 265 
Bore ‘and ‘stroke. "inches: 0. 3. sks ie ee ee 3). C0) xs 7400 
COMEVQUGAT ION Se bo. yo arbre Gaia chars tere can ieee emery eee ee rate V-6 
COMPPESSTON LAETO Ls eters sateen a tceates anene eee petienren 8:1 
FURTNG (ORO oe ei c ee ot ears suc tateie late cles Se Siete eee eee eee 1-6-5-4-3-2 
Ignition timing at idle speed, ° @ 600 rpm 
(VaCUUNT OF Fee ee ee Oo ee Ot GY OES Tea Never egret 15 
Block matertialc isc oe. aioe ihee Tair ec eae eta en aii tieaPal cast alloy iron 
Head material. vse, sce kes Ow eae boca ratone eee te ree eee cast alloy iron 
Number of ‘crankshaft: main bearings.) 322)ccm one ene 4 
Number: of compression rings/piston..s-.. 2s. s cece ace Z 
Number of ov), rings/piSton: 20. 82 oan mecca eerie ] 
Cam drive ty pers ool g eee lies Gale oes mle ie ea errs rane timing chain 
Valve lift: 
Intake !incnes <5 2%. 2 cies cia ecaiena aie eye lene eye eee rceat 0323 
Exhausts IMCheS so fe es Ri ee Sear ees ete eee 0.366 
Valve timing: 
Intake-openss. SBUG ieee. co es Suen Suma ge ene rate 18 
Intake’ closes. SABO uc. erie es aero eemie ey ee pene 48 
Exhaust “Opens.s) SRB Gs esis ot aR ee ase ert cere 68 
Exhaust Closes si CAN Gio Oe Se. ane ans pea Nepean 29 
Spark. plug Gaps “TNCNES. 2) jo vincjee so Sie renc ciiers poeta ane 0.060 
Engine wetght,;,. IDS ites cic. wees sees e avert me tener areete 550 
Exhaust-gas-recirculation system: 
VaTVes YD e is ree re ue eva srt in cil ecekcrtan os «aie act ctr aur eee) ten back pressure 
CONTOT STON aT eee es oie Nancie a eenane ee aera cee vacuum 
Point of discharge) 2 vin. ster vai asses eer carburetor plenum 
Crankcase emission control: 
Control Method secs Secs om cps sees amine tenes positive crankcase 
ventilation 
Point: Of "diSChaNGG one cc ese eee erates ce intake manifold 
Carburetor CY peas o's leecrsulcaarclteccy oreo cn ensne cleo ere ces one peremre tata eas tee 4-venturi downdraft 
Distributor specifications :* 
Centrifugal advance, begins, ° @ 1,065 rpm...... 0 
Centrifugal advance, intermediate, 
SOF TV S6OO Cnc acc are yates ciate Seon eerdieans eee sia gent, 
Centrifugal advance, full, ° @ 4,000 rpm........ 21 
Vacuum advance, begins, ° @ 4 in. Hg............ 6.7 
Vacuum advance, maximum, ° @ 12.5 in. Hg........ 20 
Carburetor (NUMDEK (oss crcl seit eerste tae c eam doe eenvareneeatinie nae 17058240 
EGR: Valver NUMBDEN S610 ose cette nien imcieeoe ne ueteucn shearer cumin K717057162, 33672 
DESErIDUEOR: NUMBER... hues feeteeee enter e ete ce neeneeteney aren 1110735 


*Engine rpm, crankshaft degrees. 


TABLE 2. ENGINE BREAK-IN SCHEDULE 


Simulated vehicle;} Engine speed, Intake manifold Fraction of time 
speed, mph rpm vacuum, in. Hg in mode 


Simulated mileage per cycle = 90 miles. 
Total mileage simulated over 40 hours break-in period = 1,440 miles. 


TABLE 3. FUEL ANALYSIS 


FUG aNO calc aiecaiee uate lec talent i ae ve hence 7718 
Researchzoetame Nome. ccnseiets te eee 91.8 
Motorvoetane Non oni eee eet 84 .0 
Speci Cg raVvaty <iieaee aces eenee eee ene eetes Or7ale 
API gravity, degrees ois. enaanie oe eae 65.9 
Distiltawion, 2 F: 
lOspet’evaporatedas kee sie 126 
50 pct ALR PRAIAIRE eR oe Pe I et 209 
95, pet Miche. 10 at db vercencalcat cya IDs aaa aa ea 402 
100 pct Bett 35>) ge ior es eae bates ecaa ee Wi 413 
Reid vapor pressure), (DST .... secure wee hiN26 
FIA analysis, pct: 
AVOMAETES 2200 coco tae oe ee nace mep atte 9 
OTETINS Ss Sere Se ree oeror eae ene eee 15 
PavatPilinS sic ccd tecla scl ehaiortnccers ohare necnenenens 76 
SUTAUR, DCT sete t cere ses pie cae tree 0.016 
Lead.) grams ‘per gal Jone acne es cease Trace 
Hydrogen/carbon atomic ratio.......... 2.038 


CORRECTED BRAKE HP 


BSFC, 1b/hp-hr 
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FIGURE 1. Brake Specific Fuel Consumption, Torque, and 
Brake Horsepower Versus Engine rpm at Wide- 
Nnen-Throttle--Buick 231 CID Turbocharged 
Engine. 
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Fuel Rate Versus Power at Various 
Speed and Load Conditions--Buick 
231 CID Turbocharged Engine. 
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Air-Fuel Ratio Versus Power at 
Various Speed and Load Conditions-- 
Buick 231 CID Turbocharged Engine. 
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Carbon Monoxide Emissions Versus 
Power at Various Speed and Load 
Conditions--Buick 231 CID Turbo- 
Charged Engine. 
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tions--Buick 231 CID Turbocharged 
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